Abstract: Black cockatoos in southwest Western Australia face population declines as a result of habitat loss and fragmentation, poaching, competition with other species, vehicle strikes, and shootings. In this study, hematologic and plasma biochemical reference values were determined for 3 endemic Western Australian black cockatoo species: Carnaby's cockatoo (Calyptorhynchus latirostris) (n ¼ 34), Baudin's cockatoo (Calyptorhynchus baudinii) (n ¼ 22), and forest red-tailed black cockatoo (Calyptorhynchus banksii naso) (n ¼ 22). Significant sex-related differences were detected in Carnaby's cockatoos, and differences were also found among the 3 species. The forest red-tailed black cockatoos showed a markedly greater eosinophil count than did the 2 white-tailed species. Blood values from samples obtained by different collection methods differed significantly for Carnaby's cockatoos, which indicates that anesthesia may affect analyte values and that collection methods should remain consistent. The results of this study will be useful for clinically evaluating wild black cockatoos that are undergoing rehabilitation for release and will provide baseline data for future investigations of free-living black cockatoo health.
Introduction
Three species of black cockatoos are endemic to southwest Western Australia: Carnaby's cockatoo (Calyptorhynchus latirostris), Baudin's cockatoo (Calyptorhynchus baudinii), and the forest redtailed black cockatoo (Calyptorhynchus banksii naso). The 2 former species are listed as endangered on the IUCN Red List of Endangered Species, 1 and the forest red-tailed black cockatoo is recognized as ''near threatened'' under the Australian Environmental Protection and Biodiversity Act 1999. 2 Populations of all 3 species in the wild are estimated to have declined markedly over the past half-century, largely due to wide-scale land clearing for agriculture and urban development. 3 Other threatening factors include competition with other species for nesting hollows, poaching for the illegal pet market, shootings, and vehicle strikes. [4] [5] [6] Recognition of the plight of these birds is gaining momentum in Australia, and recovery efforts include an intensive rehabilitation program for injured and debilitated wild cockatoos, coordinated by the Western Australian Department of Environment and Conservation and Perth Zoo. More than 100 black cockatoos are admitted through the program for veterinary treatment each year, with approximately 40% of birds progressing to rehabilitation in readiness for release.
The assessment of hematologic and biochemical parameters is an important diagnostic tool for avian patients 7 because clinical signs of disease in birds are often subtle. 8 However, interpreting results of clinical pathologic testing can be difficult without species-specific reference values. Reference intervals are still not available for many avian species 9 and are currently scarce for black cockatoos. [10] [11] [12] The establishment of reference intervals for hematologic and biochemical values for Western Australian black cockatoos will improve the standards of veterinary care for these endangered birds, both in the treatment of injured wild cockatoos and in the health monitoring of birds in captive breeding programs. Such baseline data may also be useful in future health surveillance studies of wild populations.
Materials and Methods
The Carnaby's cockatoos (n ¼ 34), Baudin's cockatoos (n ¼ 22), and the forest red-tailed black cockatoos (n ¼ 22) used for the study were from either the Perth Zoo captive collection or were housed at a rehabilitation center in Western Australia (Table 1) . Cockatoos from the rehabilitation center had been captive for at least 12 months but were originally wild birds from various regions in southwest Western Australia. All the birds were clinically normal, had no recent history of ill health, and were at least 12 months old. All the birds were on a diet of mixed seeds, vegetables, and native browse.
Carnaby's cockatoos and Baudin's cockatoos were sexed according to distinct dimorphic characteristics that are present from an early age. 13 Given the difficulty in differentiating juvenile males from females based on physical characteristics, sex differences were not analyzed for the forest red-tailed black cockatoos. A single blood sample was taken from each bird on each day of sampling, however, some birds (n ¼ 3) were resampled at a later date. For these birds, the 2 sampling values were averaged to produce a single value for each parameter.
Most blood samples (n ¼ 60) were collected by jugular venipuncture of birds anesthetized with 3%-5% isoflurane in oxygen delivered at a flow rate of 1.5 L/min. Induction of anesthesia was achieved by using a face mask, followed by endotracheal intubation for maintenance. Some Carnaby's cockatoos (n ¼ 14) and forest red-tailed black cockatoos (n ¼ 4) were manually restrained for blood collection from the medial metatarsal vein. Samples were collected with a 23-gauge needle and 3-mL plastic syringe. A blood smear was made from each sample, then the samples were placed into a 1-mL lithium heparin MiniCollect tube (Greiner Bio-One, Frickenhausen, Germany). The samples were kept cool at approximately 48C and transported within 12 hours to Vetpath Laboratory Services, Ascot, Western Australia, for processing.
Hematologic analysis was performed on a CellDyn 3500 automated hematology analyzer (Abbott Diagnostics, Abbott Park, IL, USA), run in resistant red cell mode.
14 Red blood cell counts (RBC), white blood cell counts (WBC), hemoglobin level (Hb), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC) were measured. Packed cell volume (PCV) was measured by using standard hematocrit methods after centrifugation in a Hettich Zentrifuge Haematocrit 20 (Hettich, Tuttlingen, Germany) for 3 minutes at 5345g. The MCV, MCHC, and MCH were calculated by standard formulas from the RBC count, PCV, and Hb concentration. 15 When insufficient blood volume was available for the automated analyzer, a count was performed manually on a blood smear. Blood smears are commonly used to estimate avian WBCs.
14 The smears were stained with Leishman stain for a manual differential leukocyte count. Two hundred leukocytes per smear were counted and characterized as heterophils, monocytes, lymphocytes, eosinophils, or basophils based on morphologic characteristics. Avian thrombocytes are rarely counted in terms of absolute numbers because they tend to clump and are easily lysed 16 ; therefore, a qualitative evaluation of the number of thrombocytes in relation to erythrocytes was performed. Biochemical analysis was performed on plasma samples with an Olympus AU 400 Automated Chemistry Analyzer (Olympus Optical Company, Tokyo, Japan). Parameters measured were creatine phosphokinase (CK), aspartate aminotransferase, uric acid, amylase, glucose, beta-hydroxybutyrate (BOHB), sodium, potassium (K), chloride, total protein, albumin, globulin, calcium (Ca), and phosphorus (P) levels.
All statistical analyses were performed with SPSS version 17.0 (SPSS Inc, Chicago, IL, USA). Outliers were detected and eliminated on the basis of the Dixon or range test. Some individual values (n ¼ 53) were removed from the data set if the difference between the 2 highest (or lowest) was greater than one-third of the range of all values. 17, 18 The normality of the data for each species was determined by using a Shapiro-Wilk test. For those data with a normal distribution, the mean (SD) of analytes was computed. For data with a nonparametric distribution, the median and 10-90 percentiles were computed. The sample sizes for each species were fewer than 40 animals, so a range of values (minimum to maximum) was given as reference intervals, rather than as 2 standard deviations. 18 Potential differences were evaluated between male and female Carnaby's cockatoos by using t tests for normally distributed data or Mann-Whitney tests for nonparametric data. 19, 20 Sex-related differences were not assessed for the other species because of small sample sizes or a lack of available data. For Carnaby's cockatoos, when the sample sizes were large enough, differences were also evaluated between birds from which blood was collected by different methods (from the jugular vein while the bird was under anesthesia or from the metatarsal vein while the bird was under manual restraint). Species differences were compared by 1-way analysis of variance for normally distributed data or a Kruskal-Wallis test for nonparametric data. Statistical significance was set at P , .05. When significant differences were detected, a Bonferroni correction was made to reduce the risk of type I errors. 20 
Results
The reference intervals determined for Carnaby's cockatoos, Baudin's cockatoos, and forest red-tailed black cockatoos are listed in Tables 2, 3 , and 4, respectively. All the cockatoos were found to have adequate numbers of thrombocytes. Significant differences were detected between male (n ¼ 13) and female (n ¼ 21) Carnaby's cockatoos for amylase levels (P , .01) and Ca levels (P , .01) ( Table 2) . For Carnaby's cockatoos, the sampling method was investigated as a factor that affects blood parameters. Values for several analytes (PCV; lymphocyte relative count; monocyte relative and absolute count; and aspartate aminotransferase, uric acid, chloride, Ca, and P levels) differed significantly between birds that were anesthetized for jugular venipuncture and those that were manually restrained for blood collection from the medial metatarsal vein (Table 5 ).
Significant interspecies differences were found in blood values, including Hb level (P ¼ .04), PCV (P , .01), MCHC (P ¼ .01), MCH (P , .01), MCV (P , .01), WBC (P ¼ .01), heterophil relative count (P ¼ .01), lymphocyte relative count (P ¼ .01), eosinophil relative count (P , .01), eosinophil absolute count (P , .01), aspartate aminotransferase level (P ¼ .01), amylase level (P , .01), glucose level (P , .01), chloride level (P , .01), albumin level (P , .01), albumin : globulin ratio (P , .01), and P level (P , .01).
Discussion
This study presents the first published reference ranges for 3 species of endangered Australian black cockatoos. Previously, only limited data were available for yellow-tailed black cockatoos (Calyptorhynchus funereus) (n ¼ 7; n ¼ 6) and red-tailed black cockatoos (Calyptophoryncus magnificus) (n ¼ 10). [10] [11] [12] In this study, we found significant sexbased differences in amylase and Ca values among Carnaby's cockatoos. Calcium levels were significantly higher in female Carnaby's cockatoos than in males. In other species, seasonal changes in plasma calcium concentrations in females are caused by the transport of Ca-bound yolk proteins to the ovary 21 or eggshell development. 22 Investigation of Ca levels across seasons would be required to determine if such seasonal changes occur in Carnaby's cockatoos. Age-specific values are also helpful as RBCs, Hb concentration, and PCV are often lower in young birds than in adults 23 ; however, age is difficult to assess in birds past sexual maturity, 24 and life histories of wild birds are usually unknown. A/G indicates albumin globulin; AST, aspartate aminotransferase; BHOB, beta-hydroxybutyrate; Ca, calcium; CK, creatine kinase; Cl, chloride; Hb, hemoglobin; K, potassium; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; P, phosphorus; PCV, packed cell volume; RBC, red blood cells; WBC, white blood cells. A/G indicates albumin globulin; AST, aspartate aminotransferase; BHOB, beta-hydroxybutyrate; Ca, calcium; CK, creatine kinase; Cl, chloride; Hb, hemoglobin; K, potassium; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; Na, sodium; P, phosphorus; PCV, packed cell volume; RBC, red blood cells; WBC, white blood cells.
The higher mean amylase concentration in male Carnaby's cockatoos compared with females cannot be explained, because other studies on sex differences of biochemical values in birds have not shown significant differences in this analyte, and interpretation of amylase in birds can be difficult. 8, 22, [25] [26] [27] Further investigation is required to explain these results, which may be caused by factors that were not included in this study.
In the 2 groups of Carnaby's cockatoos from which blood was collected by 2 different sampling methods, the differences in analyte values are possibly associated with the different venipuncture sites. However, if representative of the population, then these differences are more likely related to the presence or absence of gas anesthesia during sample collection. The effect of venipuncture site has been demonstrated in reptiles, 28, 29 but these are likely caused by lymph contamination, which does not occur with avian venipuncture. However, although changes in analyte values in birds under anesthesia have not been closely examined, isoflurane has been shown to have some effect on uric acid and K levels in American kestrels (Falco sparverius). 30 This may be a result of reduced hepatic synthesis or renal excretion of uric acid while the bird is under anesthesia. Other factors that may be important when considering differences in restraint techniques are preanesthesia fasting periods and increased stress due to prolonged handling associated with conscious restraint. 31 In this study, the Carnaby's cockatoos that were manually restrained had a higher mean PCV than those that were anesthetized. This may have been associated with the stress from handling, because slight increases in the red blood cell mass in birds have been associated with excitement or stress. 32 The other differences among parameters in the 2 groups of Carnaby's cockatoos are not easily explained.
One of the most significant interspecies differences was the eosinophil count. Forest red-tailed black cockatoos had a median eosinophil relative count of 4% of the total leukocyte count (with a range of 0%-16%), which was significantly higher (P , .01) than Carnaby's cockatoos and Baudin's cockatoos (which both had median values of 0% and ranges of 0%-1%). These differences have been noticed by clinicians but have not previously been statistically confirmed. Eosinophils are reportedly uncommon in avian blood samples except in raptors, waterfowl, and herons, 33, 34 and the function of the avian eosinophil remains unclear. However, high counts have been associated with delayed (type IV) hypersensitivity 18 and gastrointestinal parasitism. 7 The cause of the higher eosinophil count in forest red-tailed black cockatoos is unknown and may be a species-related difference. However, another possible explanation could be differences in parasite infections (eg, hemoparasites), which have not been investigated closely in black cockatoos. Variations in circulating leukocyte counts have been found in birds from areas with higher parasite infections compared with those from areas with lower infections. 35, 36 Reasonable genetic diversity is likely among the cockatoos sampled in this study, because those birds from the rehabilitation center originated from different wild populations. However, the birds in this study had been captive for at least 12 months, and there may be disparity in blood values between these birds and wild conspecifics. Variations in blood parameters have been demonstrated in wild and captive birds, [37] [38] [39] [40] which may be attributable to differences in diet and physical activity. However, there are difficulties inherent in compiling reference values from free-living birds, because, often, only small sample sizes are available, and capturing free-flying birds can cause significant stress and pose risks to the safety of the animals.
